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Neuraminidase 1 

Larbi Dridi, 1 Volkan Seyrantepe, 1 Anne Fougerat, 1 Xuefang Pan, 1 Eric Bonneil, 2 Pierre Thibault, 2 
Allain Moreau, 3 ' 4 ' 5 Grant A. Mitchell, 1 Nikolaus Heveker, 5 Christopher W. Cairo, 6 Tarik Issad, 7 ' 8 
Alexander Hinek, 9 and Alexey V. Pshezhetsky 1 ' 5 ' 10 



Neuraminidases (sialidases) catalyze the removal of sialic acid 
residues from sialylated glycoconjugates. We now report that 
mammalian neuraminidase 1 (Neul), in addition to its catabolic 
function in lysosomes, is transported to the cell surface where it 
is involved in the regulation of insulin signaling. Insulin binding to 
its receptor rapidly induces interaction of the receptor with Neul, 
which hydrolyzes sialic acid residues in the glycan chains of the 
receptor and, consequently, induces its activation. Cells from 
sialidosis patients with a genetic deficiency of Neul show 
impairment of insulin-induced phosphorylation of downstream 
protein kinase AKT, and treatment of these cells with purified 
Neul restores signaling. Genetically modified mice with —10% of 
the normal Neul activity exposed to a high-fat diet develop hy- 
perglycemia and insulin resistance twice as fast as their wild-type 
counterparts. Together, these studies identify Neul as a novel 
component of the signaling pathways of energy metabolism and 
glucose uptake. Diabetes 62:2338-2346, 2013 




Insulin signaling is a key event in the regulation of 
glucose homeostasis; its impairment (insulin re- 
sistance) is linked to enormous health problems, 
including type 2 diabetes (T2DM), obesity, hyper- 
tension, and cardiovascular disorders (1-3). The signaling 
cascade starts from binding of insulin to the cell surface 
insulin receptor kinase (IRK). The receptor is rapidly ac- 
tivated, autophosphorylated at specific tyrosine residues, 
and internalized into endosomes. The activated IRK 
phosphorylates substrates, including IRS-1 to -4, which 
bind to effector molecules such as phosphatidylinositol 
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3-kinase (PI3K), resulting in their activation (reviewed in 4). 
Downstream events involve the activation of protein kinase 
B (Akt), protein kinase A (PKA), and WNK1 (5), leading 
ultimately to branching intracellular pathways, inducing 
glucose uptake and regulating cell metabolism, growth, and 
differentiation. In endosomes, IRK is dephosphorylated and 
either sent to lysosomes for degradation or recycled to the 
plasma membrane for another round of binding, activation, 
and internalization (6). In obesity-related insulin resistance, 
increased storage of lipids in nonadipose tissues activates 
protein kinase C (PKC), which phosphorylates IRS-1 at Ser 
residues, preventing its phosphorylation at Tyr residues by 
IRK and further activation of PI3K (7-10). 

At the same time, a pool of inactive, nonphosphorylated 
IRK, present in the cell membrane and in endosomes, can 
be substantial, especially in vitro at saturating insulin 
concentrations (11). The differences between the insulin- 
responsive and unresponsive IRK were attributed to both 
variations in sequence (12) and posttranslational modifi- 
cation, primarily glycosylation (13). Human IRK contains 
multiple species of complex N-linked glycans (14,15). 
N-linked glycans are not only important for proper folding, 
maturation, and targeting of the receptor but also affect its 
function. For example, a proreceptor bearing excessive 
glycosylation does not oligomerize or undergo insulin- 
sensitive autophosphorylation (13), whereas receptors with 
mutated glycosylation sites lacking glycan chains at Asn624, 
-730, -743, and -881 showed normal processing and ligand 
binding but exhibited a constitutively active tyrosine ki- 
nase (14). In a similar fashion, the mutated IRK lacking 
glycosylation at Asnl234 exhibited a threefold increase of 
basal autophosphorylation (16). Together, the above data 
show that N-linked glycans play a critical role in the mo- 
lecular events responsible for IRK activation and signal 
transduction. 

In the current study, we identify sialic acid residues in 
the N-linked glycan chains of IRK as key factors affecting 
IRK activity and insulin signaling. We show that the bind- 
ing of insulin to the receptor rapidly induces its interaction 
with neuraminidase 1 (Neul), an abundant lysosomal/plasma 
membrane enzyme involved in the cataboHsm of sialylated 
glycoconjugates and "trimming" of cell surface sialoproteins 
(17). Neul desialylates and activates the receptor, thus pro- 
viding a feedback mechanism for the regulation of glucose 
uptake. 



RESULTS 

Mice deficient in Neul rapidly develop glucose intol- 
erance and insulin resistance after being challenged 
with a high-fat diet. We previously showed that Neul 
potentiates the proliferative response to insulin in cul- 
tured skeletal myoblasts (18). To understand whether 
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Neul also regulates the metabolic action of insulin, we 
studied glucose uptake in the strain of gene-targeted 
CathAS190A-Neo mice, which have 10-15% of normal 
Neul activity in their tissues (19,20) (see also Supplemen- 
tary Fig. 1A). 

Four-month-old male CathAS190A-Neo mice and their 
WT siblings received either a normal diet (ND) or a diet 
with an elevated fat content (high-fat diet [HFD]) known to 
cause obesity, insulin resistance, and diabetes (21). After 2 
weeks on HFD, both Neul-deficient and WT mice had 
significantly higher body mass as compared with the 
groups fed with ND (Fig. 1A). No significant difference in 
weight gain was observed between CathAS190A-Neo and 
WT mice fed with either HFD or ND. Both groups also had 
similar fat and lean body masses measured by dual energy 
X-ray absorptiometry (Supplementary Fig. LB). Food 
consumption was similar in Neul-deficient and WT mice 
(Supplementary Fig. 1(7), suggesting that their energy expen- 
ditures were also similar. 

Intraperitoneal glucose tolerance tests (IGTTs) con- 
ducted after 0, 4, and 8 weeks revealed that HFD-fed Neul- 
deficient mice develop glucose intolerance more rapidly 
than WT controls. Prior to the HFD, mice showed only 
slight (up to 10-12 mmol/L) increases of blood glucose 
(Fig. IB), but after 4 weeks on HFD, Neul-deficient mice 
were clearly hyperglycemic (Fig. 1C). After 8 weeks on 
HFD, both WT and Neul-deficient mice showed hyper- 
glycemia but blood glucose levels in Neul-deficient mice 
remained significantly higher than in WT mice (Fig. ID). 

There was no difference between the groups in the cir- 
culating blood insulin level after overnight fasting or in the 
insulin level measured 30 min after intraperitoneal glucose 
injections (Fig. IE and F), suggesting that Neul activity 
level affects insulin signaling rather than production. This 
was tested with an insulin tolerance test (ITT) in which 
fasted mice received intraperitoneal injections of insulin. 
We found (Fig. 1G) that after 1 month on HFD, Neul- 
deficient mice showed significantly lower blood glucose 
response to insulin as compared with the WT group or to 
Neul-deficient mice on ND. After 2 months on HFD (Fig. 
IG), insulin sensitivity in the WT group was also reduced 
but it was still significantly higher than in the Neul-deficient 
mice, which showed almost no response to insulin. 

Together, these studies indicate that compared with WT 
mice, HFD feeding in Neul-deficient CathAS190A-Neo mice 
had produced earlier and more severe glucose intolerance 
due to decreased insulin sensitivity. 

Insulin signaling is partially impaired in tissues of 
Neul-deficient mice and cells of sialidosis patients. 

Insulin signaling in the major insulin target tissues, liver 
and muscle, was studied in Neul-deficient and WT mice 
before and after 4 and 8 weeks on HFD. Mice fasted overnight 
were killed 10 and 20 min after receiving intraperitoneal 
injections of insulin (1 unit/kg BW), and phosphorylation 
of IRK, IRS-1, and Akt in the insulin target tissues was 
studied by Western blots. 

Our data indicate that intraperitoneal injections of in- 
sulin induce phosphorylation of IRK Tyrl 162/1 163 resi- 
dues, previously linked to activation of the receptor (22) 
(Fig. 2A). Similar levels were detected in WT and Neul- 
deficient mice receiving ND, but after 1 month on HFD, 
IRK phosphorylation in liver of Neul-deficient mice was 
significantly reduced, suggesting that the dose of insulin 
was insufficient for activation of the pathway (Fig. 2A). In 
contrast, in the tissues of WT mice, the IRK was still effi- 
ciently Tyr phosphorylated. By the end of the second 



month on HFD, the tissues from both WT and Neul-deficient 
mice showed similarly reduced insulin-dependent IRK 
phosphorylation (data not shown). Similarly, the phos- 
phorylation of AKT was also markedly reduced in Neul- 
deficient mice after 1 month on HFD (Fig. 2B). A drastic 
reduction in insulin-dependent AKT phosphorylation was 
also observed in the muscle tissues of Neul-deficient mice 
exposed to HFD (Fig. 2(7), showing that the effect was not 
restricted to liver tissue. We also observed similar levels of 
pSer307-IRS-l immunoreactivity in liver (Fig. 2D) and 
muscle (not shown) of both control and Neul-deficient 
mice, demonstrating that insulin resistance in Neul-deficient 
mice is not caused by the excessive serine phosphorylation 
of IRS-1 by PKC. 

To test whether impaired insulin signaling is linked to 
Neul deficiency, we measured insulin-induced AKT phos- 
phorylation in cultured human skin fibroblasts from nor- 
mal controls and from a patient affected with sialidosis, 
caused by NEU1 gene mutations that result in complete 
deficiency of the enzyme (23). Both cell lines were cultured 
using insulin-free serum, exposed overnight to serum-free 
medium to reduce background AKT phosphorylation, and 
then exposed for 10 min to insulin (20 nmol/L). Western 
blotting with antibodies against phosphorylated and total 
AKT showed that insulin induced AKT phosphorylation in 
normal, but not in sialidosis, fibroblasts (Fig. 2E). We fur- 
ther tested if insulin signaling in Neul-deficient cells could 
be restored by the treatment of cells with exogenous Neul 
from mouse kidney. The cells were treated for 90 min by 
medium supplemented with Neul, which in our previous 
study was shown to reduce the overall sialylation of the cell 
surface to the level of control cells (20). Treated and non- 
treated cells were exposed to insulin, as above. Treatment 
with exogenous Neul restored AKT phosphorylation to the 
level of normal control cells (Fig. 2E). 
Desialylation of IRK by Neul is linked to its 
activation. To study the sialylation of the glycan chains 
attached to the (3-chain of human IRK, it was expressed in 
HEK cells alone or coexpressed with the components of 
the Neul complex, Neul and cathepsin A/protective pro- 
tein (CathA). To facilitate purification, IRK was tagged at 
the COOH terminus with a CBP to allow purification of 
the recombinant protein using calmodulin resin and de- 
tection with anti-CBP antibodies (24) (Supplementary 
Fig. 2A). Liquid chromatography tandem mass spec- 
trometry (MS) analysis confirmed the identity of the pu- 
rified IRK |3-chain (Supplementary Fig. 2B) and identified 
IRK peptide 1183DIYETDYYR1191 containing phosphory- 
lated Tyrl 185 and Tyrl 190 residues involved in autocata- 
lytic activation of the receptor (25,26) (Supplementary Fig. 
2C and D), thus indicating that the recombinant IRK 
retained its native conformation and activity. 

To test whether desialylation of IRK depends on the 
presence of both Neul and the ligand, the receptor was 
expressed alone in HEK cells or coexpressed with Neul/ 
CathA and the cells were metabolically labeled with ManNAz, 
an analog of the sialic acid precursor A^-acetylmannosamine, 
resulting in biosynthetic labeling of sialic acid-containing 
glycoconjugates with an azide group (27). ManNAz-labeled 
cells were induced by insulin (10 min, 20 nmol/L) both 
with and without pretreatment with the Neul inhibitor 2, 
3-dehydro-2-deoxy-Af-acetylneuraminic acid (DANA). IRK 
was affinity purified, and azido-sialic acid residues in the 
glycans at its (3-chain were modified with biotin-phosphane, 
which selectively reacts with the azide group. The amount 
of sialic acid in the IRK (3-chain was visualized by blotting 
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FIG. 1. Diet-induced obesity 04), glucose intolerance (1?-D), and insulin resistance (£'-(?) in Neul -deficient (KD) mice and their WT siblings. Four- 
month-old mice were fed for 8 weeks with an HFD or ND. Mice were weighed weekly (.4). Glucose tolerance tests were performed at week 1 (2?), 4 
(C), and 8 (Z>). Fasted (16 h) mice received 1.5 g/kg BW of glucose intraperitoneally, and blood glucose levels were measured before and 30, 60, 90, 
and 120 min after glucose injection. Insulin levels were measured before and 30 min after glucose injection in mice on ND (2?) and HFD (F). Insulin 
tolerance tests (G) were performed at weeks 4 and 8. Fasted (4 h) mice received intraperitoneal injections of insulin at 1 unit/kg BW, and blood 
glucose levels were measured before and 90 min after injection. Significant (*P < 0.05) or highly significant (**P < 0.001) difference was detected 
between WT and KD mouse strains starting from week 4 on HFD. Data were analyzed using general linear model (repeated measurements 
ANOVA). At least six mice were studied for each genotype. Graphs illustrate one of three independent studies all yielding similar results. 
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and staining with HRP-conjugated streptavidin. We found a 
reduction of staining of the IRK band in Neul-overexpressing 
cells and in insulin-treated cells, showing that desialylation 
is triggered by the ligand and accompanies activation of 
the receptor. DANA significantly reduced desialylation of 
the IRK, confirming that Neul indeed removes sialic acid 
residues from the glycan chains of the (3-subunit of the 
receptor (Fig. 3A). 

The results of the ManNAz labeling experiments corre- 
lated with those of lectin blotting where sialylation of the 
(3-chains of affinity-purified IRK was estimated by staining 
with biotinylated Maackia amurensis lectin II (MAL-II). 
After stripping the blots, autophosphorylation of IRK was 
measured with monoclonal antibodies against pTyr IRK 
phosphorylated at Tyrl 162/1 163, and to determine total 
amount of receptor, blots were stained with anti-IRK anti- 
bodies. Quantitative comparison of blots showed reduced 
staining of IRK band with MAL-II and increased staining 
with anti-pTyrl 162/1 163 in cells overexpressing Neul, con- 
sistent with the hypotheses that Neul desialylates IRK and 
that activation of IRK correlates with desialylation (Fig. 31?). 
An even greater difference in intensity of MAL-II staining 
was detected for the 180-kDa chain of the IRK precursor, 
suggesting that in these experimental conditions, Neul is 
also involved in desialylation of the receptor prior to its 
proteolytic processing (Fig. 3E). 

To study if desialylation of the receptor is functionally 
important for autophosphorylation, we studied insulin 
signaling after blocking the Neul access to sialylated gly- 
cans at the cell surface proteins by MAL-II lectin treat- 
ment. HEK cells overexpressing IRK were pretreated with 
increasing concentrations (1-100 |xg/mL) of MAL-II lectin, 
treated with insulin as above, and processed to study IRK 
and AKT phosphorylation by Western blot. Our results 
(Fig. 3(7) show that MAL-II blocks insulin-induced activa- 
tion of IRK and AKT in a dose-dependent manner, sug- 
gesting that desialylation of IRK is functionally important 
for its activation. MAL-II binding to the receptor did not 
prevent insulin binding, as measured with biotinylated 
peptide (data not shown). 

Insulin binding to IRK induces its interaction with 
cell surface pool of Neul. The molecular interactions 
between Neul and IRK in the presence and in the absence 
of insulin were studied using bioluminescence resonance 
energy transfer (BRET) (28,29), which can detect transient 
protein interactions in real time in cells expressing physio- 
logical levels of the proteins of interest. 

Human IRK and Neul fused at COOH termini with yel- 
low fluorescence protein (YFP) and luciferase (hRluc), re- 
spectively, were coexpressed with a CathA plasmid in 
HEK293T cells. In a separate experiment, we demonstrated 
that the tagged Neul is enzymatically active and associates 
with CathA (Supplementary Fig. 3A). The biological activity 
of hRluc-tagged IRK was demonstrated previously (30). 
Confocal immunomicroscopy showed that tagged IRK and 
Neul colocalized at the cell surface (Fig. 44), indicating 
that the tag did not interfere with the plasma membrane 
targeting of both proteins. 

For the BRET assay, HEK cells were treated with the 
luciferase substrate coelenterazine H in the absence or in 
the presence of increasing amounts of insulin. In the ab- 
sence of insulin, we observed only background levels of 
energy transfer between Neul-YFP and IRK-RLuc, similar 
to that observed between IRK-RLuc and YFP used as 
a negative control. In contrast, incubation of cells with in- 
sulin at 5-50 nmol/L resulted in the appearance of a BRET 



signal (Fig. 4B). The signal intensity was significantly dif- 
ferent from the background level, and close to that for our 
positive control (IRK-RLuc/Shc-YFP [31]) (Supplementary 
Fig. 31?), suggesting that IRK forms a complex with Neul. 
The BRET signal results from the interaction of Neul-YFP 
and IRK-RLuc proteins on the cell surface and not in 
lysosomes, since hRLuc has a neutral pH optimum and 
should have reduced enzymatic activity in an acidic lyso- 
somal environment (32). Continuous recordings of BRET 
signal from cells preincubated with coelenterazine H after 
rapid injection of insulin into the culture medium showed 
that the interaction between IRK and Neul was induced 
within 5-10 s after the addition of insulin and was present 
for at least 30 min, which is consistent with the known 
kinetics of insulin binding to IRK and activation of the 
receptor (33). 

The interaction between Neul and IRK observed by 
the BRET method was confirmed by coimmunoprecipi- 
tation of both proteins with antibodies against IRK. To 
detect transient interactions between recombinant Neul 
and IRK, HEK cells coexpressing both proteins were 
treated with the cleavable cross-linking reagent dithiobis 
(succinimidyl propionate). When proteins precipitated 
by antibodies against IRK were analyzed by Western blot 
with antibodies against Neul, we found a cross-reacting 
protein band at 49 kDa (Fig. 4C), also detected in the 
total cell lysate and detergent extract, and absent in resin 
washes or in the lysate of cells not transfected with Neul 
(not shown). The band was present in both insulin-trea- 
ted and nontreated cells, but its intensity was somewhat 
higher in the insulin-treated samples. 

DISCUSSION 

Neul, the most abundantly expressed mammalian siali- 
dase (34,35), has a well-characterized catabolic function in 
the lysosome, where it removes the terminal sialic acid 
residues of oligosaccharides and glycoproteins (reviewed 
in 36,37). Genetic deficiency of Neul causes sialidosis 
(OMIM #256550) and galactosialidosis (OMIM #256540) 
(reviewed in 38,39), severe lysosomal storage diseases that 
manifest with skeletal abnormalities and neurological de- 
generation. Studies of energy homeostasis, including glu- 
cose tolerance, have not been reported in sialidosis and 
galactosialidosis patients. 

Emerging data demonstrate that in addition to its cata- 
bolic role in lysosomes, Neul can also be targeted to the 
cell surface (40), where it plays a previously unrecognized 
role as a structural and functional modulator of cellular 
receptors, including those for inflammation (TLR4), phago- 
cytosis (FCR-7), exocytosis (LAMP-1), proliferation (PDGF, 
EGFR, and TRK), and cell adhesion (integrin (34) (reviewed 
in 17,41). We have previously shown that Neul acts on IRK 
and the insulin-like growth factor 1 receptor in rat skeletal 
myoblasts (L6WT), altering their proliferative response to 
insulin (18,42). 

In the current study, in order to understand if the Neul 
action on IRK is physiologically important in vivo, we 
compared insulin and glucose signaling pathways in WT 
mice and genetically targeted CathAS190A-Neo mice, 
which have an —90% reduction of Neul activity. The re- 
sidual 10% of Neul activity suffices to maintain a normal 
level of lysosomal catabolism of sialoglycoconjugates, and 
CathAS190A-Neo mice are vital, fertile, and have a normal 
life span. If they are fed standard mouse chow, Neul- 
deficient mice have normal glucose homeostasis and insulin 
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FIG. 2. Impaired insulin signaling in liver (A, B, and Z>) and muscle (C) tissues from Neul -deficient mice and cells from sialidosis patient (E}. 
A: Reduced Tyr phosphorylation of fJ-subunit of IRK. WT and Neul -deficient (KD) mice fed with ND or HFD for 4 weeks were fasted overnight and 
killed 20 min after intraperitoneal injections of insulin at 1 unit/kg BW. Saline-injected animals were used as a 0-min time point. Liver homogenates 
were analyzed by Western blots using antibodies against anti-IRK fJ-chain and anti-pTyrll62/1163-IRK. Panels show typical results of one of 
three experiments. Graphs below the panels show quantification of signal intensities using ImageQuant software. Bars show mean values and SD of 
three independent experiments. B and C: Reduced Tyr phosphorylation of AKT in liver and muscle tissues. Total liver (5) and muscle (C) 
homogenates obtained as described above were analyzed by Western blotting using antibodies against total AKT or AKT phosphorylated 
at Ser473 residue. Significant (*P < 0.05) or highly significant (**P < 0.001) difference was detected between WT and KD mouse strains. 
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sensitivity; however, they develop glucose intolerance af- 
ter only a 4-week exposure to an HFD. Mice produced 
normal levels of insulin, suggesting that hyperglycemia in 
Neul-deficient mice results from reduced insulin sensitiv- 
ity in target tissues. Indeed the levels of insulin-induced 
phosphorylation of activated IRK and AKT in livers and 
muscles of Neul-deficient mice were significantly reduced 
as compared with that of WT animals. In cultured cells 
from sialidosis patients, phosphorylation of AKT in re- 
sponse to insulin was also impaired but could be restored 
by treatment with purified Neul sialidase, thus estab- 
lishing a link between IRK activation and Neul activity. 
Moreover, an inverse correlation was found between the 
phosphorylation and sialylation levels of IRK expressed in 
HEK cells. Desialylation of IRK by Neul appears to be 
triggered by direct interaction between the IRK and the 
Neul complex on the cell surface and was clearly induced 
by insulin, as observed by both BRET and coimmunopre- 
cipitation experiments. 

We conclude, therefore, that insulin binding to IRK rapidly 
induces its desialylation by Neul, which consequently stim- 
ulates its activation. Although the exact molecular mecha- 
nisms by which IRK is activated by Neul should be defined, 
we speculate that the presence of sialic acid residues in the 
glycan chains may affect the conformation and membrane 
topology of the receptor as well as its ability to interact with 
other proteins. Of note, the residual level of Neul activity in 
CathAS190A-Neo mice is not changed by HFD (Supplemen- 
tary Fig. LA). The insulin signaling failure in these mice can, 
therefore, simply result from the combined effects of re- 
duced IRK activation due to partial Neul deficiency and of 
serine phosphorylation of IRS-1 (7-10). Conversely, we 
cannot exclude additional "cooperative" interactions be- 
tween HFD and Neul deficiency. For instance, changes in 
the fluidity or rigidity of cellular membranes induced by HFD 
(43,44) could affect the conformational changes of the 
(B-chain required for autophosphorylation and/or the molec- 
ular interaction of Neul and IRK both residing in the lipid 
rafts at the plasma membrane (45). In future experiments, 
we plan to test these hypotheses. 

It is unclear at present if alterations of Neul activity and 
IRK sialylation can contribute to the insulin resistance and 
T2DM; however, it is important to emphasize that recent 
genome-wide association studies in T2DM, including those 
from our team (46), explain only a modest proportion of 
known population variance (47). There is a growing sus- 
picion that this missing heritability may be explained by 
rare and ultrarare variants causing effects strong enough 
to influence predisposition to common diseases (such as 
late-onset T2DM) but not strong enough to cause a Mendelian 
disease (47). It is tempting to speculate that low tissue levels 
of Neul activity influenced by multiple genes, including those 
coding for CathA, ER chaperons, Golgi enzymes, and tran- 
scription factors that generally determine expression levels of 
lysosomal enzymes and proteins (48), may be among such 
factors contributing to T2DM in human population. 

In conclusion, our data demonstrate the existence of 
a novel positive feedback mechanism by which a cellular 
sialidase, Neul, activates a pool of sialylated inactive IRK 



on the cell surface in response to the presence of high 
concentrations of insulin. They also identify sialylation as 
an important new parameter regulating the signaling path- 
ways for energy metabolism and glucose uptake. 

RESEARCH DESIGN AND METHODS 

Animals. Previously described (19,20) C57BL/6J mice carrying the C.571AGO 
GCA (S190A) point mutation and PGK-Neo cassette in intron 7 of the CathA 
gene, which results in a 90% reduction of Neul activity (CathAS190A-Neo), as 
well as CathAS190A and C57BL/6J wild-type (WT) mice, each of which have 
normal Neul levels, were maintained on a 12-h dark/light cycle with unlimited 
access to water. Four-month-old (—25 g body weight [BW]) male mice received 
ad libitum either normal (5% fat and 57% carbohydrate) or high-fat (35% fat and 
36% carbohydrate) chow (Bio-Serv). BW and total food consumption were 
measured. At 0, 4, and 8 weeks, the body composition was measured by dual- 
energy X-ray absorptiometry scanning (Lunar PDQmus). 
IGTT and ITT. IGTT was conducted by intraperitoneal injection of glucose, 
1.5 mg/g BW in mice after an overnight fast. Blood from the tail vein was 
analyzed for glucose levels using an automatic glucometer (Bayer) at 0, 30, 60, 
90, 120, and 180 min. Blood samples (50 fxL) were collected at 0 and 30 min. 
After centrifugation at 4,500$ for 20 min, plasma was collected and stored at 
-80°C prior to analysis for insulin level using Mouse Insulin ELISA Jumbo kit 
(Alpco Diagnostics). 

ITT was conducted by intraperitoneal injection of insulin (HumulinR; 
Eli Lilly) at 1 unit/kg BW in mice after a 5-h fast. Blood glucose was measured in 
tail vein blood at 0-120 min as described above. 

Analysis of insulin signaling in animal tissues by Western blot. Mice 
fasted overnight received intraperitoneal injections of insulin (1 unit/kg BW) 
and were killed 10 and 20 min later by cervical dislocation. Saline-injected 
animals were used as a 0-min time point. Tissues were immediately removed 
and homogenized in RIPA buffer (50 mmol/L HEPES, pH 7.4, 0.1 mmol/L EDTA, 
150 mmol/L sodium chloride, 2 mmol/L phenylmethylsulfonyl fluoride, 1% NP40, 
2.5% sodium deoxycholate, protease and phosphatase inhibitors; Roche) using 
tissue homogenizer Precellys 24. Particulate was removed by 30 min centri- 
fugation at 13,000#. 

Western blot analyses were performed according to standard protocols 
using the following primary antibodies: anti-pSer473AKT and anti-AKT (Cell 
Signaling), anti-insulin receptor (3-chain (Cell Signaling), anti-pTyrl 162/1 163 
insulin receptor (Santa Cruz Biotechnology), and anti-IRSl and anti-pSer307 
IRS1 (Cell Signaling). Equal protein loading was assured by Ponceau 
S staining. Signals were quantified using ImageQuant software. Signal in- 
tensities obtained with phosphospecific antibodies were normalized for those 
obtained with antibodies against total proteins. 

Immunoprecipitation and chemical cross-linking of insulin receptor. 

HEK293T cells were cotransfected with pCDNA-IR-Rluc, pCDNA-Neul-YFP, 
and pCMV-CathA plasmids. After 48 h, the cells were treated or not with 20 mmol/L 
insulin for 15 min, washed with ice-cold PBS, collected and resuspended in RIPA 
buffer containing 0.2 mmol/L dithiobis(succinimidyl propionate), vortexed, 
placed on ice for 30 min, cleared by centrifugation (20 min at 12,000$ and 4°C), 
and incubated with anti-insulin receptor p-chain antibodies (Cell Signaling) for 4 
h at 4°C. Antibody complexes were precipitated by overnight incubation with 
protein A-agarose (Santa Cruz Biotechnology). Proteins were eluted by boiling 
the resin in Laemmli sample buffer containing 50 mmol/L dithiothreitol and 
analyzed by Western blotting using anti-insulin receptor p-chain (Cell Signaling) 
and anti-Neul antibodies (49). 

Confocal immunofluorescence microscopy. Forty-eight hours after trans- 
fection with pCDNA3-IRK-Rluc, pCDNA-Neul-YFP, and pCMV-CathA plasmids, 
HEK293T cells were washed with ice-cold PBS, fixed in 4% paraformaldehyde 
and 4% sucrose in PBS for 5 min, and rinsed three times with PBS. Cells were 
permeabilized by 0.25% Triton X-100 for 10 min, blocked for 1 h in 3% horse 
serum and 0.1% Triton X-100, and costained with mouse anti-insulin receptor 
P-chain (Cell Signaling) (1:400) and rabbit anti-Neul (1:100) antibodies in 3% 
horse serum-PBS. Cells were counterstained with Oregon Green 488-conjugated 
anti-rabbit IgG antibodies and Texas Red-conjugated goat anti-mouse anti- 
bodies (1:1,000; Molecular Probes). Slides were studied on a Zeiss LSM510 
inverted confocal microscope. Images were processed using the LSM image 
browser software (Zeiss) and Photoshop (Adobe) to increase contrast. 



D: Unchanged Ser phosphorylation of IRS-1. Total liver homogenates obtained as described above were analyzed by Western blotting using 
antibodies against total IRS-1 or IRS-1 phosphorylated at Ser307 residue. E: Insulin-dependent phosphorylation of AKT in cultured skin fibroblasts 
from normal individual (Control) and from a sialidosis patient with complete deficiency of Neul (Sialidosis). Cells were serum starved overnight, 
treated or not for 90 min with purified mouse Neul (0.5 mU of enzymatic activity per 1 mL of medium), and then treated for 15 min with 20 nmol/L 
insulin. Protein (20 jjig) from cell lysates was analyzed by Western blotting with monoclonal antibodies against pSer473-AKT or against total AKT. 
Bar graph shows average data from three independent experiments, and the panel is the representative data from one experiment. 
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FIG. 3. Insulin-dependent desialylation of IRK by Neul. A: ManNAz labeling of sialic acid in the glycan chains of the p-subunit of IRK expressed in HEK 
cells alone or coexpressed with Neul and CathA and pretreated or not with 1 nunol/L DANA for 1 h. After 10 min of incubation with 20 nmol/L insulin, cells 
were solubilized with 1% octylglucoside and treated with biotin phosphane, and IRK was purified using affinity chromatography and analyzed by blotting 
with streptavidin-HRP. Bar graph shows quantification (mean values and SD) of signal intensities using ImageQuant software. In each experiment, the 
values were normalized to the intensities of IRK staining without Neul and insulin. The combined effect of Neul overexpression and insulin on ManNAz 
labeling was significantly (*P < 0.05) higher than that of each condition separately. B: IRK samples obtained as described above were studied by MAL-2 
lectin blot (fop) or Western blotting with anti-pTyrl 162/1 163 IRK antibodies. Equal loading of the IRK was verified with antibodies against IRK (not 
shown). Bar graph shows quantification (mean values and SD) of signal intensities for the p-subunit of IRK using ImageQuant software. C: MAL-2 blocks 
insulin-induced activation of IRK and AKT in a dose-dependent manner. HEK cells coexpressing CBP-tagged IRK and Neul/CathA were treated with 
unlabeled MAL-2 lectin in a concentration of 0, 1, 10, 50, and 100 |uig/mL of cell medium 30 min before induction with 20 nmol/L insulin for 10 min. Cells 
were solubilized in 50 mmol/L HEPES, pH 7.4, containing 0.1 mmol/L EDTA, 150 mmol/L sodium chloride, 2 mmol/L phenylmethylsulfonyl fluoride, 1% 
NP40, 2.5% sodium deoxycholate, and full protease and phosphatase inhibitor cocktail and subjected to immunoprecipitation using anti-IRK antibodies 
and Western blotting. Blots were stained with anti-pSer473 AKT and anti-AKT, anti-IRK p-chain, and anti-pTyrl 162/1 163 IRK antibodies as indicated. 
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FIG. 4. Insulin-induced interaction between IRK and Neul on the cell surface. A: Colocalization of IRK and Neul on the plasma membrane. HEK 
cells expressing Neul-YFP and IRK-hRluc chimeric proteins were fixed with paraformaldehyde, permeabilized by Triton X-100, and costained with 
mouse anti-insulin receptor (3-chain (Cell Signaling) (1:400) and rabbit anti-Neul (1:100) antibodies. Cells were then counterstained with Oregon 
Green 488-conjugated anti-rabbit IgG antibodies and Texas Red-conjugated goat anti-mouse antibodies (1:1,000; Molecular Probes). Slides were 
studied on a Zeiss LSM510 inverted confocal microscope. B: Detection of interaction between IRK and Neul by BRET. HEK cells expressing Neul- 
YFP and IRK-hRluc (left} or YFP and IRK-hRluc (right} were treated with coelenterazine H in the absence or in the presence of 5 and 50 nmol/L 
insulin, and the BRET signal was calculated as the ratio of light intensity emitted by IRK-hRluc (530 nm) and Neul-YFP (480 nm). In the absence of 
insulin, only the background levels of energy transfer between Neul-YFP and IRK-hRluc are observed, whereas incubation of cells with insulin at 
physiological concentration of 5 nmol/L results in the appearance of BRET signal. C: Coimmunoprecipitation of IRK and Neul. Hek293T cells 
overexpressing IRK-hRluc, Neul-YFP, and CathA plasmids were treated or not with 20 nmol/L insulin for 15 min, washed with ice-cold PBS, 
and lysed in RIPA buffer containing dithiobis(succinimidyl propionate) cross-linker. After removal of cell debris by centrifugation, super- 
natants were subjected to immunoprecipitation using anti-insulin receptor (3-chain antibodies. Proteins in cell lysate (L), supernatant of cell 
extract (S), protein A agarose washes (W), and eluate (E) were analyzed by Western blotting using anti-insulin receptor (3-chain and anti- 
Neul antibodies. 



Analysis of interaction between Neul and IRK by BRET. BRET analysis 
was performed as previously described (28) in HEK293T cells transfected with 
pCDNA3-IRK-Rluc, pCDNA-Neul-YFP, and pCMV-CathA in the presence of 
0-100 nmol/L insulin. The BRET signal was calculated as the ratio of light 
intensity emitted by IRK-Rluc (530 nm) and Neul-YFP (480 nm). The values 
were corrected by the background signal measured in cells expressing only 
IRK-Rluc. 

Purification and MS analysis of recombinant IRK. HEK293T cells were 
transfected with pCDNA1.3-IRK-Taptag plasmid encoding human IRK with 
COOH-terminal TAP tag (Invitrogen), pCMV-Neul, and pCMV-CathA (49). 
Forty-eight hours after transfection, the cells were treated or not with 20 nmol/L 
insulin for 10 min, washed with ice-cold PBS, harvested, lysed by sonication 
in a buffer containing 40 mmol/L Tris, 300 mmol/L KC1, 2 mmol/L dithio- 
threitol, 2 mmol/L EDTA, 2 mmol/L phenylmethylsulfonyl fluoride, pH 7.4, 
and protease and phosphatase inhibitors (Roche), and centrifuged at 
100,000$ for 1 h at 4°C. Pellets were resuspended in the lysis buffer de- 
pleted of EDTA and containing 2 mmol/L CaCl 2 , 0.1% NP-40, and 1% 
octylglucoside. The homogenates were sonicated for 5 s and gently stirred 
at 4°C overnight to solubilize proteins. The suspension was then centri- 
fuged at 13,000(7 for 30 min. Affinity purification of TAP-tagged IRK was per- 
formed using calmodulin resin (Stratagene) according to the manufacturer's 
protocol. After separation by SDS-PAGE, the gel pieces containing the IRK 
were excised and digested with trypsin (Promega). The tryptic peptides were 
analyzed by nano liquid chromatography mass spectrometry using an Eksi- 
gent nano-LC LTQ-Orbitrap mass spectrometer system (Thermo Fisher Sci- 
entific) as previously described (50). Assignments of phosphorylation sites 
were validated through manual inspection of relevant tandem MS (MS/MS) 
spectra. 



Analysis of IRK sialylation by metabolic labeling with 2-azido- 
acetylmannosamine. HEK293T cells transfected with pCDNA1.3-IRK-Taptag 
or cotransfected with pCDNA1.3-IRK-Taptag, pCMV-Neul, and pCMV-CathA 
were cultured for 48 h in the medium containing 70 fxmol/L peracetylated 
Af-azidoacetylmannosamine (ManNAz). Cell extract was passed through 
avidin-agarose (Sigma-Aldrich) to remove endogenously biotinylated proteins 
and incubated for 3 h at 37°C with 50 (xmol/L biotin-phosphane (Fisher). IRK 
purified as above was resolved by SDS-PAGE and transferred to nitrocellulose 
membranes. Blots were stained with horseradish peroxidase (HRP)-conjugated 
streptavidin (1:1,000) and an enhanced chemiluminescence kit. 
Lectin blot. Affinity-purified IRK samples were resolved by SDS-PAGE and 
transferred to nitrocellulose membranes. Blots were stained with biotinylated 
MALE (Vector Laboratories), followed by HRP-conjugated streptavidin and an 
enhanced chemiluminescence kit. Autophosphorylation of IRK was measured 
with anti-pTyrll62/1163 antibodies and the total amount of receptor with anti- 
calmodulin-binding peptide (anti-CBP) polyclonal antibodies (Abgene). 
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